A nu mer i cal study has been car ried out for free con vec tion in a ver ti cal cy lin dri cal an nu lus filled with a po rous me dium and whose in ner wall is iso ther mally heated and the outer wall is iso ther mally cooled, the hor i zon tal walls be ing in su lated
In tro duc tion
In re cent years there has been con sid er able ad vance ment in the study of free con vection in a po rous an nu lus be cause of its nat u ral oc cur rence and of its im por tance in many branches of sci ence and en gi neer ing. This is of fun da men tal im por tance to a num ber of tech nolog i cal ap pli ca tions, such as un der ground dis posal of ra dio ac tive waste ma te ri als, cool ing of nu clear fuel in ship ping flasks and wa ter filled stor age bays, re gen er a tive heat exchangers contain ing po rous ma te ri als and pe tro leum res er voirs, bury ing of drums con tain ing heat gen er at ing chem i cals in the earth, stor age of ag ri cul tural prod ucts, ground wa ter flow mod el ing, nu clear reac tor as sem bly, ther mal en ergy stor age tanks, in su la tion of gas cooled re ac tor ves sels, high perfor mance in su la tion for build ing, and cold stor age. Free con vec tive heat trans fer in side a ver tical an nu lus filled with iso tro pic po rous me dium has been stud ied by many re search ers. No ta ble among them are Havstad et al. [1] , Reda [2] , Prasad et al. [3, 4] , Prasad et al. [5] , Hickox et al. [6] , and Shivakumara et al. [7] . They con cluded that ra dius ra tio and Ray leigh num ber in flu ence the heat and fluid flow sig nif i cantly.
How ever, in many ap pli ca tions po rous ma te ri als are anisotropic, such as co lum nar den dritic struc tures formed dur ing so lid i fi ca tion of multi-com po nent mix tures, dry ing of pref er - en tially ori ented grains, tu bu lar packed bed re ac tors, and rod bun dle as sem blies. Due to the prefer en tial ori en ta tion of the po rous ma trix in the above ap pli ca tions the per me abil ity and equiv alent ther mal con duc tiv ity of the po rous ma trix are dif fer ent in dif fer ent di rec tions. The lit er a ture on anisotropic po rous me dia is sparse in spite of its im por tance. Ni et al. [8] stud ied the ef fect of ani so tropy of the po rous me dium in side a ver ti cal en clo sure. Free con vec tion in a ver ti cal cyl inder filled with anisotropic po rous me dium has been stud ied by Chang et al. [9] . Parthiban et al. [10] stud ied on set of con vec tion in a hor i zon tal layer of heat gen er at ing anisotropic po rous medium. Dhanasekaran et al. [11] an a lyzed the com bined ef fect of heat gen er a tion and ani so tropy in side ver ti cal cy lin dri cal en clo sures. Three di men sional nat u ral con vec tion in anisotropic heat gen er at ing po rous me dium en closed in side a rect an gu lar cav ity was stud ied by Suresh et al. [12] . From the re view of lit er a ture, it is clear that ef fect of ani so tropy of the po rous me dium inside a ver ti cal cy lin dri cal an nu lus has not been ad dressed yet. The ob jec tive of the pres ent work is to an a lyze the ef fect of ani so tropy of the po rous me dium on fluid flow and heat trans fer in side a ver ti cal cy lin dri cal an nu lus.
Math e mat i cal for mu la tion
The phys i cal con fig u ra tion con sid ered here is a ver tical cy lin dri cal an nu lus filled with anisotropic po rous me dium as shown in fig. 1 . The in ner and outer ver ti cal walls of the an nu lus are main tained at con stant tem per atures T i and T o , re spec tively, where T i > T o . Both top and bot tom bound aries are adi a batic. The po rous ma trix is anisotropic from both hy dro dy namic and ther mal point of view. The prin ci pal di rec tion of per me abil ity and ther mal diffusivity are as sumed to co in cide with the hori zon tal (r) and ver ti cal (z) co-or di nate axes (orthotropic po rous me dium). The con vect ing fluid and po rous matrix are in lo cal ther mo dy namic equi lib rium. Darcy's law and Boussinesq ap prox i ma tion are valid. Darcy law is em ployed to rep re sent the vis cous term in the mo men tum equa tion. The gov ern ing equa tions for axi-sym met ric steady flow through anisotropic po rous me dium are: -continuity equa tion 
where K r and K z are permeabilities of the po rous me dium in ra dial (r) and ax ial (z) di rec tions, respec tively. a r and a z are ther mal diffusivities along the r and z di rec tions, re spec tively. The fluid ve loc i ties in the r and z di rec tions pres ent in the above equa tions are given as u = -(1/r)( ¶y'/ ¶z) and v = (1/r)( ¶y'/ ¶r). By em ploy ing the def i ni tion of stream func tion and elim i nat ing the pressure terms from the mo men tum equa tions by cross dif fer en ti a tion, the gov ern ing eqs. (1)- (4) reduce to fol low ing the non-di men sional form as: 
Fig ure 1. Phys i cal con fig u ra tion
The dimensionless vari ables used for writ ing the above equa tions are: 
The rel e vant bound ary con di tions to solve the above equa tions are:
Nu mer i cal method
The eqs. (5) and (6) are solved by fi nite vol ume method. A com puter code, based on the fi nite vol ume method, is de vel oped to solve the pres ent prob lem. Cen tral dif fer ence is used for discretizing all the terms ex cept the con vec tive term in the en ergy equa tion. For con vec tive term, sec ond up wind scheme has been em ployed. The al ge braic equa tions thus ob tained have been solved by the Gauss Seidel point-by-point solver, which makes use of the new val ues as soon as they are avail able.
Grid in de pend ence study
Var i ous runs have been made to ob tain the op ti mum grid size, which yields good ac curacy and yet re quires less com pu ta tional time. A 81´ 81 mesh is found to be rea son ably good for the Ray leigh num ber up to 5000 and 121 ´ 121 mesh was used for higher Ray leigh num bers. The code took lon ger time for con ver gence in the case of larger the val ues of as pect ra tio, Rayleigh num ber or ra dius ra tio.
Val i da tion
In or der to val i date the com puter code de vel oped in this study, the prob lem of iso tro pic ver ti cal an nu lus is stud ied by keep ing K * = l = 1 in the code and the re sults are com pared with those of Prasad et al. [3] as shown in tabs. 1 and 2; the re sults are for iso tro pic po rous me dium. It is ob served that the pres ent re sults are in good agree ment. 
Com par i sons with ex per i men tal re sults
The com puter code is also val i dated against ex per i men tal work avail able in the open lit era ture. The pres ent work is compared with the ex per i men tal results car ried out by Prasad et al. [4] for an nu lus filled with isotro pic po rous me dium. The predicted tem per a ture dis tri bu tions in side the an nu lus at non-di men sional heights of Z = 0.25, 0.5, 0.75, and 1 are com pared with the ex per i men tal data as seen in fig.  2 . It can be ob served that the agree ment is good.
Re sults and dis cus sions
Nu mer i cal re sults for a wide range of Ray leigh num bers Ra * £ 10000, as pect ra tios 1 £ A £ 20, ra dius ra tios 2 £ R r £20, per me abil ity ra tios 0.1 £ K * £ 10, and ther mal diffusivity ra tios 0.1 £ l £ 10 are re ported.
Ve loc ity and tem per a ture fields
The flow pat tern and tem per a ture dis tri bu tion are pre sented through plots of stream lines and iso therms. The rate of heat trans fer is pre sented in terms of av erage Nusselt num ber on the in ner hot wall. The flow con sists of asym met ric sin gle cell ro tat ing in the clockwise di rec tion i. e., to wards the cold wall. The fluid ascends along the in ner hot wall and de scends along the outer cold wall. In con trast to rect an gu lar ge om e tries, the con vec tive cell is asym met ric about the ver ti cal axis due to cur va ture ef fect (an nu lar en clo sure)
Ef fect of Ray leigh num ber
Fig ure 3 brings out the ef fect of Ra * on stream lines and iso therms for unit as pect ra tio and for dif fer ent Ray leigh num bers. For Ra * = 200, iso therms are almost ver ti cal im ply ing the con duc tion dom i nance. An in crease in Ray leigh num ber shifts iso therms to wards the in ner hot wall. This re sults into a thin ner ther mal bound ary layer on the hot wall and a thicker bound ary layer on the cold wall. The iso therms in the core get strat i fied. A fur ther in crease in the Ray leigh num ber causes fur ther strat i fi ca tion of the iso therms in the Prasad et al. core. As Ra * in creases the lo ca tion of |y| max gets shifted to wards the top right cor ner. The increase in |y| max in di cat ing higher in ten sity of con vec tion at higher Ray leigh num bers.
Ef fect of ani so tropy
The ef fects of per me abil ity ra tio and ther mal diffusivity ra tio on the flow pat tern and tem per a ture dis tri bu tion are shown in figs. 4 and 5. Fig ures 4(a-c) bring out the ef fect of hy drody namic ani so tropy through per me abil ity ra tio, K * . Fig ure 4(b) il lus trates the stream lines and iso therms for the iso tro pic case (i. e., K * = l =1) . Fig ure 4(a) shows stream lines and iso therms for K * = 0.1 (i. e., the per me abil ity in the ver ti cal di rec tion is higher than in the hor i zon tal di rection). There is an in crease in max i mum value of stream func tion in di cat ing stron ger con vec tion. Sharp gra di ents in ve loc ity and tem per a ture are ob served near the side walls. The core gets shifted to wards the outer cold wall, re sult ing in higher con vec tive ve loc i ties in the top right corner. As K * de creases from 1 to 0.1 heat trans fer rate in creases as ev i dent by closer spac ing of isotherms near the side walls. Free con vec tive flow along the side walls is much stron ger for this case than for K * = 1.0. The other ex treme is shown in fig. 4(c) . For K * = 10, no sharp gra di ents in ve loc ity and tem per a ture are ob served near the side walls, while the hor i zon tally flow ing fluid chan nels along the top and bot tom adi a batic walls. This prac ti cally in duces the so called "plug flow" in the fluid. The con vec tive flow is weaker than the iso tro pic case, as seen by the re duc tion in the max i mum value of stream func tion, due to the rel a tively lower per me abil ity in the ver ti cal di rection. Con se quently iso therms are al most ver ti cal, in di cat ing the con duc tion dom i nance.
Fig ure 5 shows the ef fect of ther mal diffusivity ra tio (l = a r /a z ) via stream lines and iso therms plots. Fig ure 5(b) de picts the flow and tem per a ture pat terns for iso tro pic case (i. e., K * = l = 1). For l = 0.1 -(see fig. (5a) , the ther mal diffusivity is much higher in the ver ti cal direc tion than in the hor i zon tal di rec tion. Hence the tem per a ture tends to be uni form in the ver ti cal di rec tion. As shown in figs. 5(b) and 5(c), for higher val ues of ther mal diffusivity ra tio, there is a slight shift in the iso therms to wards the in ner hot wall, while no ap pre cia ble change in the flow pat tern is ob served. It is ob served that the ef fect of l on flow in ten sity, as seen through the max imum stream func tion value, is not sig nif i cant.
Tem per a ture dis tri bu tion at mid-height
The tem per a ture dis tri bu tion in side the an nu lus at mid-height (Z = 0.5) is shown in the fig. 6 . Tem per a ture drop near the in ner hot wall is much more pro nounced than that near the outer cold wall. Fig ure 6(a) il lus trates the in flu ence of per me abil ity ra tio (K * ) on the tem per a ture dis tri bu tion. For K * < 1 (higher per me abil ity in the ver ti cal di rec tion), the tem per a ture gra di ent near the in ner hot wall is steeper than that for K * > 1, in di cat ing better heat trans fer, as also ev ident from fig. 4 . As seen in fig. 6(b) , the ef fect of l on the tem per a ture gra di ent near the in ner hot wall is not so sig nif i cant as that of K * . How ever av er age tem per a ture of the an nu lus in creases with de crease in ther mal diffusivity ra tio, l.
Heat trans fer
The av er age Nusselt num ber on the in ner (hot) wall is given, based upon the an nu lus gap width, D, as:
The heat trans fer rates in terms of av er age Nusselt num ber on the in ner wall are pre sented in figs. 7 and 8. Figure 7 il lus trates the ef fect of hy dro dynamic and ther mal ani so tropy (i. e. K * and l) of the po rous me dium on the aver age Nusselt num ber. The curves with dark ened sym bols show the vari a tion of Nusselt num ber with per me abil ity ra tio (K * ). With in crease in per me ability ra tio (i. e. lower per me abil ity in the ver ti cal di rec tion), the Nusselt num ber de creases due to re duced flow in ten sity in the an nu lus as al ready ob served in fig. 4 (c). The curves with un filled symbols re fer to the vari a tion of Nusselt num ber due to ther mal diffusivity ra tio (l). The in flu ence of l on Nusselt num ber is not so sig nif i cant.
The ef fects of ra dius ra tio and aspect ra tio on av er age Nusselt num ber are de picted in fig. 8 . The curves with un filled sym bols rep re sent the vari ation of Nusselt num ber with as pect ratio. The Nusselt num ber is found to decrease with in crease in as pect ra tio of the an nu lus. The in flu ence of ra dius ratio (R r ) of the an nu lus is shown by the curves with dark ened sym bols. With in crease in ra dius ra tio, the Nusselt num ber in creases. How ever, for a given value of as pect ra tio or ra dius ratio, an in crease in Ray leigh num ber results in in crease in Nusselt num ber as the Ray leigh num ber is the driv ing force for con vec tive heat trans fer.
Cor re la tions
Based upon the heat trans fer re sults, the fol low ing cor re la tion is pre sented for av er age Nusselt num ber on the in ner hot wall in terms of Ray leigh num ber, ra dius ra tio, as pect ra tio, and per me abil ity ra tio:
Nu Ra A R K
Equation (8) is valid for 0.5 £ K * £ 5, 2 £ A £ 20, 2 £ R r £ 20, and 500 £ Ra * £ 10000. The ther mal diffusivity ra tio is not in cluded as a pa ram e ter in de vel op ing the cor re la tion as it has neg li gi ble ef fect on Nu i . The cor re la tion agrees well with the data points, as seen from par ity plot given in fig. 9 . The cor re la tion co ef fi cient and the av er age per cent age er ror of the cor re lation are 0.99 and 3.2, re spec tively, which shows the good ness of the fit. 
